Abstract OBJECTIVE: The role of electro-thermal bipolar tissue sealing system (LigaSure ® , (LS); Covidien, Inc., CO, USA) in thoracic surgery is still undefined. Reports of its use are still limited. The objective of the trial was to evaluate the cost and benefits of LS in major lung resection surgery.
INTRODUCTION
Lobectomy is the standard of care in most patients with early stage non-small-cell lung cancer (NSCLC). Nowadays, surgical staplers are widely used to complete fissures [1] . The electro-thermal bipolar tissue sealing system (LigaSure ® , (LS); Covidien, Inc., CO, USA) was developed as an alternative to sutures, clips and other ligation methods. The system detects the type of tissue in the instrument jaws and delivers the appropriate amount of pressure and energy needed to transform the collagen and elastin within the vessel walls to seal them permanently (Fig. 1) . A microprocessor-controlled radio-frequency current is used, and an audio signal from the generator advises the surgeon when the seal cycle is complete, with minimal lateral thermal damage. In contrast to bipolar diathermy, which depends on factors such as duration of application, surrounding fluid and repeat applications, the LS seals by means of alterations in tissue impedance. LS has been used extensively in general surgery and other disciplines especially to divide short gastric vessels, splenic artery, liver tissue and colonic vessels [2, 3] . Nevertheless, the role of the LS device in thoracic surgery is still undefined. Reports on experimental and clinical use in thoracic surgery for bullectomies and pulmonary wedge resections have been published in the medical literature [4] [5] [6] [7] . We designed a randomized controlled study to compare staplers with LS for the completion of lung fissures and to evaluate the costs and benefits of LS.
MATERIALS AND METHODS
This randomized, controlled, parallel-group designed trial compares the techniques for completion of interlobar fissures with staplers or LS in a consecutive series of 138 patients, undergoing pulmonary lobectomy. Sample size was determined with the PASS Power analysis software (NCSS, Kaysville, UT, USA) using simulation; the study had a power of 0.85 to detect a 0.5-day difference of postoperative air leaks in median total hospitalization length of stay, given a two-sided alpha of 0.05. All patients who were scheduled for elective pulmonary lobectomy were eligible for inclusion in the study. The hospital Ethics Committee approved this study. The purpose of the study was explained to all patients and informed consent was obtained. After muscle-sparing thoracotomy, the completeness of a fissure was evaluated and grouped into four stages, according to the Craig-Walker's classification [8] : Grade 1-complete fissure with entirely separate lobes; Grade 2-complete visceral cleft but parenchymal fusion at the base of the fissure; Grade 3-visceral cleft evident for part of the fissure; Grade 4-complete fusion of the lobes with no evident fissural line. Patients with Grade 1 fissures (n = 38) were excluded from the study; therefore, only patients with Grade 2, 3 and 4 fissures (n = 100) were included in the Li-Tho trial. In addition, patients with gross invasion of the fissure requiring pneumonectomy were deemed ineligible. As a result, 100 consecutive patients were randomized into two groups of 50 patients each. Randomization was performed intraoperatively, by opening a sealed and signed numbered non-translucent envelope that contained the randomization code (allocated by a computer-generated random sequence) [RANDOM.ORG is a true random number service that generates randomness via atmospheric noise (www.random.org).]. The nature of the treatment precluded blinding the surgeons (Luca Bertolaccini and Alberto Terzi) who performed operations. In the Stapler group (50 patients), staplers were used for completion of fissures; in the LS group (50 patients), only LS was used, instead of staplers, for completion of fissures (Fig. 2) . After completion of fissures with staplers or LS, parenchymal air leaks were evaluated by submersion of the resection site in saline solution and re-ventilation of the lung, applying a peak pressure of 25-35 cm H 2 O. Leakage was graded according to Macchiarini's scale [9] as 0 (no leakage), 1 (single bubbles), 2 (stream of bubbles) or 3 (coalescent bubbles). Patients with Grade 3 air leakages underwent further standard techniques, including restapling (Stapler group), re-utilization of LS (LS group), suturing (both groups) or tissue grafting (both groups) to reduce leaks; these manoeuvres were followed by repeat submersion testing, until the grade of the air leaks was reduced to Grade 2 or less. No other subsequent procedures were performed for all grades of leakage; in particular, in both groups, we did not use any kind of sealants for the control of air leaks. The lobar branches of the pulmonary artery and the pulmonary veins were ligated, and the bronchial stumps were hand sutured. Afterwards, in all patients, two chest drains were placed (28-Fr tubular drain anterior and 24-Fr spiral drain [Redax srl, Poggio Rusco (MN), Italy] posterior). The drains were connected to a Redax Simple Plus with Drentech Palm system (Redax srl) for continuous air leak measurement. All patients initially had their chest tube placed on −15 cm H 2 O suction for 24 h after surgery. Air leaks were evaluated and data collected twice a day. The postoperative management of the patients in both groups was performed by two other skilled surgeons (Andrea Viti and Antonio Cavallo), without the knowledge of or reference to the treatment allocation. Chest drains were removed when <250 ml/day of fluid was drained and the air leaks completely resolved [10] . The estimated daily cost of hospitalization per patient was 800 Euros. For each patient assigned to the Stapler group, one DST Series-GIA (Covidien, Inc.) Single Use Reloadable Stapler (80 mm in length-4.8 or 3.6 mm thickness) with additional recharges as needed was used. The cost of each stapler was 180 Euros for the device with the first charge and 120 Euros for each additional recharge. In the LS group, the cost of each LS device was 434 Euros. All recorded parameters were analysed for differences in selected intraoperative and postoperative outcomes and for cost-benefit evaluation.
Statistical analysis
A CONSORT checklist was completed [11] . Statistical analysis was realized with the bootstrap method using 1000 simple bootstrap samples with 95% confidence interval. The two groups were compared by the unpaired t-test or Wilcoxon's two-sample test applied to discrete or continuous data, and by the Pearson's χ 2 test or Fisher's exact test, when appropriate, applied to dichotomous or categorical data. Stratified analysis of categorical data was performed with the Cochran-Mantel-Haenszel procedure. The normality of data distribution was assessed by the Shapiro-Wilk test. The significance level was set to 0.05 for all efficacy and safety parameters. Cost-benefit evaluation was performed using Pareto optimal analysis. In game theory and economics, the concept of Pareto efficiency (or Pareto optimality) is a method to judge the efficiency of a set of decisions made by the participants [12] . Pareto diagrams could be applied in designing medical processes in order to identify errors, faults and incidents, or in the construction of a system that reduces the risk of medical care, and in analysing performance data in health organizations [13] . Statistical and mathematical models were created and analysed using 
RESULTS
One hundred patients (59 males and 41 females; mean age 72.3 years, range 49-83) were included in the study and randomly assigned to each of the two groups (Fig. 3) . The demographics and baseline characteristics of the patients are presented in Table 1 ; there wasn't any stratification, minimization or block design for the groups. All patients underwent lobectomies and systematic lymph node dissection for NSCLC. The difference in fissure type, according to the Craig-Walker's classification, was not statistically significant between the two groups. The distribution of air leaks in the LS group, according to Macchiarini's scale, is presented in Table 2 . There was no significant difference in the length of time required to perform the two techniques. On postoperative day 1, air leakage was detected in 28 (55%) patients in the LS group and 22 (45%) in the Stapler group. On postoperative day 2, air leakage was detected in 16 (31%) patients in the LS group and 14 (28%) in the Stapler group. There were no statistically significant differences between groups in volume of postoperative air leaks. No persistent air leakage (for >7 days) was detected in both groups ( Table 3 ). The mean duration of air leaks was 5.0 days in the LS group, without statistically significant difference with the 4.3 days recorded in the Stapler group (P = 0.82). The cumulative persistence of air leaks in the two arms of the trial is shown in Fig. 4 . For each patient, the cumulative and average fluid drainage during the observation period and the days with leaks were calculated, and the results did not show a statistically significant difference between procedures. In the LS group, the daily drainage amount was 580 ± 70 vs 470 ± 100 ml in the Stapler group (P = 0.00069).
The LS group had drains in place for a mean time of 5.3 (range 4.0-8.5) days, whereas the mean time was 4.6 (range 3.5-6.7) days in the Stapler group; this difference (16.8 h) was not statistically significant (P = 0.83). There was no difference in the overall incidence of complications in the groups (P = 0.65): no adverse effects were observed intraoperatively or postoperatively regarding the use of LS; no perioperative mortality was observed; no patient required a reoperation. Three (3%) patients, 1 (2%) in the LS group and 2 (4%) in the Stapler group, experienced atrial fibrillation that necessitated pharmacological cardioversion. The difference in the mean hospitalization length of the two groups did not achieve statistical significance (P = 0.88). The mean cost of hospitalization, 5100.00 (range 4300.00-7200.00) Euros for the LS group and 4675.00 (range 3900.00-8100.00) Euros for the Stapler group, was 425 Euros lower for the Stapler group (P = 0.89). The mean cost of the LS Group was not significantly different from that of the Stapler group (37 500.00 Euros for LS vs 23 280.00 Euros for Stapler; P = 0.068). All of the Pareto fronts produced in this study were convex, as predicted from their representation as approximations of the true Pareto fronts (Fig. 5 ). The LS group had a favourable multi-criteria analysis of cost/benefit ratio [14] , with a good 'Pareto optimum'. The concept of a Pareto front captures the intuitive notion of a 'trade-off' in optimization problems with multiple objectives, where the objective values measure different aspects of an element of the conformation space. In a typical setting, the objectives are partially or wholly in conflict. From these assumptions, the notion of an optimum solution cannot be defined without additional constraints. The approximation of elements is usually a computationally challenging task in continuous multi-objective optimization, and for large discrete conformation sets, the Pareto front is often of exponential size. We employed the notion of Pareto sets for the formal presentation of our trial and the display of variations in score values produced by different target prediction tools in the recurrent procedure. The follow-up of the patients in both groups (mean = 6 months) of the trial was uneventful.
DISCUSSIONS
The energy produced by the high-power ultrasonic dissection systems (55 kHz) is frictional energy, proportional to both the vibration frequency and the displacement of the instrument tips. These devices function because they generate heat from the mechanical friction between the tissue and the vibrating blade. Proteins begin to denature when the temperature reaches 60°C. When heat is delivered relatively gradually, and provided the temperature remains <100°C, proteins denature from the colloidal state into an insoluble gel, which is necessary for vessel coagulation. In addition, the ultrasound energy induces a cavitation effect in water-containing tissues, and this facilitates tissue separation. The only physical disadvantage is the 'storm' effect (dust cloud caused by non-viable tissue particles sprayed by the electronic shears), which becomes problematic only with close-up work [15] . The thermal energy frequently causes sticking of the sealed area to the jaws of the instrument. The sealed area can be released from the unharmed instrument with irrigation and careful manipulation. The thermal vessel sealers are also being used in tissues other than vessels. It has been used for ureteral division, bile duct ligation and intestinal closure. In a study [4] , LS was used to seal pulmonary tissue, bronchi and vessels in pigs. Our study design enabled us to evaluate the efficacy and safety of LS in completion of lung fissures. The cost of LS is almost the same as GIA linear stapler with recharges, and it can be used for lymph node dissection in the same surgical session [16] . In the medical literature, it has been observed that the LS system significantly reduced the blood loss for an equivalent operating time compared with electrocautery [17] . In contrast to staplers, the LS system has a disadvantage in controlling air leakage from the incompletely sealed parenchyma. This trial was designed to compare two different fissure completion techniques during a major lung resection. The use of LS, the application of which is clearly different from that in previous studies, is only a part of the procedure that was carried out. Bootstrap analysis was proposed as a breakthrough method for internal validation of surgical regression models [18] . The main advantage of this technique is that the entire dataset can be used for model building, which would yield more robust models, especially in moderate size databases and for rare outcomes. Furthermore, the predictive validity of the model can be assessed not only in one randomly split set of patients, but also typically in 1000 new different samples of the same number of patients as the original database obtained by means of resampling with replacement. We observed a significantly greater incidence of air leaks in the LS group, with a spontaneous relevant reduction in the first postoperative 24 h; of interest is the fact that no patient had prolonged air leaks. The 74% of patients with Grade 2 air leaks after completion of fissures in the LS group is not a technical failure; it is related to the mechanism of sticking the parenchyma, according to the thickness of the lung tissue to seal. There were more postoperative leaks on the first day; nevertheless, they subsided very quickly for the inflammatory reaction produced by the highenergy devices that aided to seal the leaks. Furthermore, the thermal injury in the tissues may be the reason for the higher fluid output in the LS group. The resection of lung parenchyma using staplers leads to an excellent tissue sealing and haemostasis [19] ; its disadvantages are that foreign bodies are left with possible interference in case of reoperation or during positron emission tomography/computed tomography scan re-evaluation. Moreover, stapler's head size and length are sometimes difficult to use in certain operative situations. There are reports on the use of LS for pulmonary resection in experimental animal models [20] and subsequently, with good results, for pulmonary wedge resection, bullectomies and fissure dissection [4, 21] . Approved indication for vessel closure is up to 7 mm in diameter and for lung tissue it is up to 15 mm in thickness. Aside from small vessel sealing and fissure completion, the use of the LS technique improved the ablation of pleural adhesions and the haemostasis during lung resections, reducing the use of conventional coagulation methods with the advantage of minimal tissue damage. However, we did not observe perioperative major bleedings in both groups. Operating time, postoperative drain removal day and postoperative in-hospital stay were similar to those for staplers. Although the series of patients is limited, we observed no difference in results between the two groups of patients. Compared with staplers, LS allows a better tailoring of lung resection margins, thus saving functional lung tissue, and the pathological evaluation of the specimens obtained showed that the maximal depth of thermal damage was <2.4 mm. In the LS group, the ability of the regulated dissection to preserve as much pulmonary parenchyma as possible permits the residual lung a better expansion and a better capacity to fill the thoracic cavity, thus reducing the residual pleural space after lobectomy.
CONCLUSIONS
LS is safe and easy-to-use with a minimal rate of complications. Its head is smaller than the stapler's head and it is a good handling device; therefore, it can facilitate approaching difficult situated areas. It does not leave any foreign body and produces safety tissue sealing and haemostasis, without deep tissue damage. The difference in the costs of the two groups of patients seemed to be due to the device (Stapler or LS) price alone. The results confirm the efficacy and safety of the haemostasis obtained in previous studies performed in other surgical specialties. LS can be a valid alternative to staplers for fissure completion in major lung resections.
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